It is demonstrated that J connectivity between amide protons and hydrogen-bond-accepting carbonyl carbons can be observed in perdeuterated human ubiquitin. A selective pulse scheme is used to detect these small 2h J HC interactions in the presence of the much larger through-covalent-bond 2 J HC and 3 J HC couplings. 12) , and were found to be as large as 4 Hz. However, despite repeated attempts over the past 10 years, detection of 2h J HCЈ connectivity has remained elusive. Here, we report the first measurement of such J couplings in the small globular protein ubiquitin.
the 2 J HCЈ and 3 J HCЈ couplings can be avoided, and magnetization transfer can be "focused" on the 2h J HCЈ of interest. The pulse scheme used in this study is shown in Fig. 1 . It is a variation on the regular HMQC experiment (13) , with two pairs of 180°1 3 CЈ/ 1 H N pulses inserted at the midpoint of the deand rephasing delays, 2T. Both 13 CЈ and 1 H N 180°pulses are band-selective. The 1 H 180°pulse covers the entire amide region but avoids excitation of the water resonance. This improves water suppression and also avoids homonuclear 1 H-1 H J modulation (for protonated or incompletely deuterated proteins). The inversion profile of the 6.6 ms 13 C 180°sinc pulse covers approximately a bandwidth of Ϯ50 Hz and leaves 13 C spins more than 150 Hz from the 13 C carrier essentially unaffected. This ensures that only couplings between amide protons and selected 13 CЈ spins can yield antiphase terms of the type sin(2JT) H x CЈ z at the end of the dephasing period. If nonselective 13 CЈ 180°pulses were used, higher order terms would also be generated. Although three-spin terms, H y CЈ 1z CЈ 2z , will be eliminated by the phase cycling, they can dramatically decrease sensitivity of the through-hydrogen-bond correlations of interest. Four-spin terms generally will be small, but are not eliminated by the phase cycle of Fig. 1 and could conceivably give rise to confusing correlations in the 2D spectrum. The use of selective 13 CЈ pulses avoids generation of such terms. If only a single 13 CЈ, J-coupled to a given H N , is inverted by the shaped 13 CЈ pulse, the H x CЈ z term present at time a in the pulse scheme of Fig. 1 will be converted into H x CЈ y at the start of the t 1 evolution period, and at the end of t 1 (time point b), magnetization is converted back into sin(2JT)cos(⍀ CЈ t 1 ) H x CЈ z , which refocuses to sin 2 (2JT)cos(⍀ CЈ t 1 ) H y at the start of the detection period. Thus, the H N -CЈ intensity will be proportional to sin 2 (2JT). In order to measure the value of 2h J HCЈ , the experiment of Fig. 1 is carried out twice: once with the 13 C carrier at the position of the preceding 13 CЈ (corresponding to 2 J HCЈ connectivity), and once with the 13 CЈ shaped pulse applied at the frequency of the carbonyl which is hydrogen bonded to the H N of interest. As is demonstrated below, in practice, several couplings can be measured simultaneously in this manner, although the method remains time consuming.
The measurement is demonstrated for uniformly 15 N/ 13 C/ 2 Hlabeled ubiquitin, prepared as described by Sass et al. (14) . The sample contained 4 mg of protein in 300 l 95:5 H 2 O/D 2 O, pH 6.5, 10 mM phosphate. Experiments were carried out on Bruker DMX-600 and DRX-600 spectrometers, equipped with triple resonance, 3-axis pulsed field gradient probeheads. Spectra were recorded as 128* ϫ 1024* data matrices, with acquisition times of 75 (t 1 ) and 120 (t 2 ) ms. For the reference spectrum, aimed at observation of 2 J HCЈ connectivity, eight transients per complex t 1 increment were acquired (total time 33 min); for the spectrum aimed at detection of 2h J HCЈ connectivity, 320 scans per complex t 1 increment were taken (22 h). Figure 2B shows Figure 2A shows the corresponding reference spectrum, which differs only by a shift in the 13 CЈ position from 173.8 to 175.3 ppm and a 40-fold smaller number of scans. Here, only the relatively large 2 J HCЈ couplings (ca. 4.5 Hz) give rise to the observed correlations.
The intensity ratios of the V70/R42 and I44/H68 peaks in Fig. 2B to the respective reference peaks in Fig. 2A 13 CЈ HMQC experiment, used to detect through-hydrogen-bond 2h J HCЈ connectivity. Narrow and wide pulses correspond to flip angles of 90°and 180°, respectively. All pulses phases are x, unless specified. 13 CЈ pulses have the shape of the center lobe of a (sin x)/x function and durations of 6.6 ms (180°) and 200 s (90°).
1 H 90°and 180°pulses are rectangular and have durations of 360 (90°) and 320 s (180°), with the 1 H carrier at 9.2 ppm (for experiments at 600 MHz), such that excitation of the H 2 O resonance is minimized and 1 H-1 H J modulation for incompletely deuterated residues is strongly reduced. The 13 C 3 ␣ 180°decoupling pulse is rectangular, with a duration of 47 s, which avoids excitation of the 13 CЈ resonances. 15 N synchronous composite pulse decoupling (not shown) is used throughout the entire pulse sequence, except for the delay period between scans. The dephasing period, 2T, was optimized for sensitivity by setting it to 76 ms, slightly shorter than the average amide proton T 2 , which was measured to be ca. 90 ms. Phase cycling: 1 ϭ x, Ϫx; 2 ϭ 2(x), 2(Ϫx); 3 ϭ 4(x), 4(Ϫx), 4( y), 4(Ϫy); Receiver ϭ x,2(Ϫx),x. Quadrature in the t 1 dimension is obtained by States-TPPI phase incrementation of 1 . Gradients are sine-bell-shaped, with peak amplitudes of 30 G/cm durations; G 1,2,3 ϭ 0.5, 0.2, and 0.2 ms, and directions z,x, and y, respectively. 13 CЈ iϪ1 connectivities, through the large (ca. 4.5 Hz) 2 J HCЈ coupling. Spectrum (B), recorded with 320 scans per t 1 increment, shows through-hydrogen-bond J connectivities (V70/R42 and I44/H68), in addition to intraresidue correlations (V70/V70 and V17/V17) and one sequential correlation (L67/T66).
FIG. 2.
residue three-bond 3 J HCЈ interactions, which make it necessary to use selective experiments. Deuteration of the nonexchangeable hydrogens, as used in the present study, increases the H N T 2 values more than twofold, but they remain considerably (25-50%) shorter than the corresponding 15 N T 2 . Considering the small magnitude of 2h J HCЈ , it is not expected that routine detection of such interactions will become widely used for proteins, but similar interactions might be measured more easily in smaller systems, or in cases where very strong hydrogen bonding gives rise to much larger values.
